
THE EPIDEMIOLOGY OF MOUSE POLYOMA VIRUS INFECTION'

WALLACE P. ROWE
National Institute of Allergy and Infectious Diseases, National Institutes of Health,

Public Health Service, United States Department of Health, Education,
and Welfare, Bethesda, Maryland

An infectious disease process must be under-
stood at four levels: the level of the agent itself,
the level of the interaction of the agent with the
individual cell, the level of infection of individual
animals, or the pathogenesis of the infection, and
at the level of the whole population, or the epi-
-demiology and ecology of the infection. In this
period of intense interest in the nature of the cell-
virus interactions, it must be remembered that
elucidation of the ecology of an infectious agent
remains indispensable for determining the im-
portance of the agent as a cause of disease, for
devising control procedures, and even for working
rationally with the agent in the laboratory. This
truism applies as much to tumorigenic viruses as
to any other agent. This report will discuss the
results of ecologic and pathogenicity studies with
the polyoma virus.
The polyoma virus was discovered independ-

ently by Gross (13) and by Stewart (34), during
attempts to transmit AKR mouse leukemia to
newborn mice by inoculation of filtrates of leuke-
mic tissues. Subsequently, Stewart and Eddy
(6, 36) made the major discoveries that the virus
could be propagated in tissue culture, with
production of cytopathic effects in mouse embryo
cultures, and that infected tissue culture fluids
inoculated into newborn mice induced multiple
tumors, both of multicentric origin and of multi-
ple histologic types (35). The most frequent
tumors produced were mixed tumors of the
salivary glands and respiratory tract mucous
glands, subcutaneous sarcomas, mammary tu-
mors, osteogenic sarcomas, and thymic epithelio-
mas, but many other cell types were also
involved. Even more remarkably, the virus was
capable of inducing tumors in other species,
producing hemangioendotheliomas and sarcomas
in the hamster, sarcomas in the rat, and fibromas

' Text of the Eli Lilly and Company Research
Award Address in Bacteriology and Immunology.
Presented at the 60th Annual Meeting of the
Society of American Bacteriologists in Philadel-
phia, Pennsylvania, on May 4, 1960.

in rabbits, as also shown by Eddy, Stewart, and
their co-workers (8-10).
The existence of an agent capable of inducing

many tumor types in multiple species made it
imperative to attempt to elucidate its natural
history, and in particular to answer such ques-
tions as these: "Is this exclusively a mouse virus,
or are other species naturally infected?" "WXhat
is the distribution of infection among mice, how
is it transferred and maintained, and is it an
infection of particular genetic strains of mice?"
"What is the relation of polyoma virus to spon-
taneous neoplasms in the mouse and possibly
in other species?"

These, of course, are questions which are
amenable to approach by epidemiologic proce-
dures, provided suitable techniques could be
developed for detection of infection. Since the
tissue culture cytopathogenicity reported by
Eddy offered a possible tool for epidemiologic
application, our laboratory undertook a program
to develop procedures for detection of infection
and to attempt to answer some of the above
questions.

Fortunately, and unexpectedly, the develop-
ment of diagnostic procedures turned out to be
a straightforward virologic exercise when it was
discovered, jointly with Dr. Eddy, that the virus
hemagglutinates erythrocytes of many species
(5). This procedure provided an invaluable tool
for rapid identification of virus isolates and for
detection of antibody. It was, of course, essential
to prove that the hemagglutinating and cyto-
pathogenic properties of infected tissue culture
fluids were indeed attributes of the tumorigenic
agent, and not a result of contamination with an
extraneous mouse agent. This was conclusively
demonstrated by the finding that there was excel-
lent correlation of the tumorigenic and hemagglu-
tinating activities in their distribution in
individual tissue culture tubes at limiting
titration dilutions, their adsorption and elution
from red blood cells, their resistance to ether and
heating at 60 C for 30 minutes, their sedimenta-
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tion in the ultracentrifuge, and their inhibition
or lack of inhibition by sera of individual uninocu-
lated mice from infected colonies (28). Thus it was
possible to apply the simple test in vitro with
the utmost confidence that it was actually indica-
tive of infection with the tumorigenic agent.
The virus was found to be spherical, about 44

myA in diameter in dried preparations, and in size
and appearance very similar to the Shope rabbit
papilloma virus (19). Like the Shope virus, it was
highly resistant to environmental influences,
including heat, ultraviolet light, and many
disinfectants (2, 7).
The polyoma virus attaches to red cells by

adsorbing to the same mucoprotein receptor sites
as do the influenza viruses; either Vibrio comma
receptor-destroying enzyme (RDE) or influenza
viruses will destroy the red cell receptors for
polyoma virus (17). However, polyoma virus
itself is almost totally devoid of enzymatic ac-
tivity, the only evidence for enzymatic activity
being combination of virus with inhibitor after
elution from erythrocytes (15). The mucoprotein
receptors are apparently involved in entry of this
virus into cells, since treatment of tissue culture
cells with receptor-destroying enzyme signifi-
cantly reduces their susceptibility to polyoma
infection (unpublished data).
The development of hemagglutination proce-

dures made possible the development of a hemag-
glutination inhibition test for detecting antibody
responses. In addition, it was possible to develop
complement fixation (27), tissue culture neutrali-
zation, and tumor neutralization tests, which
were of particular value for establishing the
degree of specificity, sensitivity, and reliability
of the hemagglutination inhibition test (28). With
the use of these antibody tests, it was established
that the virus is antigenic, both newborn and
adult mice responding regularly to inoculation of
small doses of live virus with development of
antibody. Development of antibody in weanling
mice following intraperitoneal injection of virus-
containing material is a highly sensitive method
of detecting polyoma infectivity, having the same
or somewhat greater sensitivity than prolonged
observation of mouse embryo tissue cultures; this
indirect immunization test, or mouse antibody
production test, has been used as our standard
method of detecting and titrating polyoma
infectivity (28). One 50 per cent infectious dose
for weanling mice or tissue culture corresponds

to approximately 300 physical particles of virus
in most preparations (19, 29).

Also, it was established that antibody response
to polyoma virus is highly specific; no cross sero-
logic reactions have been observed in tests
against a wide variety of mouse viruses, human
viruses, and tumor viruses of various species (27;
unpublished data). Antibody in mice is highly
durable, apparently persisting for life in the vast
majority of infected animals.

WVith the development of well evaluated,
sensitive, and specific procedures for detecting
virus and antibody, it became possible t9 deter-
mine the extent of spontaneous infection in
various populations of laboratory and wild mice.

Figure 1 shows the patterns of antibody preva-
lence observed in various laboratory and com-
mercial mouse breeding colonies (31). The total
height of each bar represents the frequency of
antibody in uninoculated mice over 3 months of
age in a given colony, and the shaded portion,
the frequency in mice less than 3 months of age;
NT indicates that the younger mice were not
tested. The number at the top of each bar is the
number of mice tested. The important features
to note are the extreme variation in prevalence
of infection between the different colonies and
the consistently higher incidence of antibody in
the older mice than in young mice.

Infection in many of the laboratory colonies
was readily explained by close exposure to experi-
mental animal work with polyoma virus or to
mice bearing transplanted neoplasms, many of
which are carriers of the virus (30). By comparing
infection rates in individual rooms of a single
colony, evidence was obtained that exposure to
mice which had received potentially infected
material as newborns was associated with highest
risk of infection (31). The importance of environ-
mental exposure is further indicated by the
findings in the three colonies listed in figure 1 as
"derived colonies." These are recently derived
sublines of AKR or C3H mice originating from
heavily infected colonies and reared for several
generations in areas with either minimal en-
vironmental exposure, as in the case of the colony
with 2 per cent infection, or with no environ-
mental exposure, as in the case of the other two
sublines, which were free from infection.
However, environmental exposure to artificial

procedures is not necessary for maintenance of
infection, as shown by its prevalence in certain
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Figure 1. Incidence of HI antibody to polyoma virus in mice of various laboratory colonies. Vertical
axis is the percentage of positive results.

TABLE 1
Incidence of HI antibody to polyoma virus in AKR

mice in various colonies, as compared with
incidence of antibody in other mice in the

same environment

Colony Antibody in Antibody in Other
AKR Mice* Strains*

1 33/33 (100%) 31/52 (60%)
2 27/84 (32%) 122/338 (33%)
3 1/21 (5%) 3/61 (5%)
4 0/131 (0%) 0/1608 (0%)

* More than 3 months old.

commercial mouse colonies which have no con-

tact with experimental work. Among the various
colonies tested there was no evidence of specific-
ity of infection for particular genetic strains of
mice. This is exemplified in table 1, which shows
the frequency of antibody in four different
colonies of AKR mice as related to the frequency
of antibody in mice of other strains housed in the
same environment. The AKR mouse was particu-
larly important to study in this respect because
of the frequency of the association of polyoma
virus with spontaneous leukemia in this strain.
The findings here show that there was no tend-
ency for these inbred mice to have a uniform
level of infection, but that the infection level was

the same as that in other mice in the same colony.
It was necessary, of course, to confirm that

the finding of hemagglutination-inhibiting (HI)
antibody in these normal mice really reflected
infection. Consequently, virus isolation studies
were carried out on mice with and without

TABLE 2
Recovery of polyomia virus from organs of mice

from laboratory colonies with spontaneous
infection*

Virus Recovery

Mice HI-positive mice HI-negative mice

No. % No. %

Normal .. . 15/26 56 2/24 8
Leukemic AKR... 6/11 55 2/21 10

* Reprinted with permission from Perspectives
in Virology. II (30).

antibody from two heavily infected laboratory
colonies (23, 28), with results as shown in
table 2. Virus was recovered from the organs
of half of the mice who were positive for
HI antibody, and from only 10 per cent of the
antibody-negative mice. It should be emphasized
that these antibody-negative mice were from the
positive colonies, and some mice may have been
converting or have developed subdetectable
levels of antibody. No definite virus isolation has
been obtained from antibody-negative colonies.
It is noteworthy that there was no difference in
frequency in virus recovery between normal mice
and AKR mice with leukemia.
The quantity of virus detected in these normal

mice was small; to date, no "high titer" carrier
state, such as seen with mouse lymphocytic
choriomeningitis infection, has been encountered.
The pattern of spread observed in experimental

colonies is shown in table 3, which shows the
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TABLE 3
Cross infection in Swiss mice from a negative colony held in animal rooms with inoculated

mice and hamsters*

Frequency of Antibody after Various Lengths
Age when of Time in Laboratory

Brought into Type of Contact with Infected Mice
Laboratory 8

i4-15
3 wks. 4 wks. 5-6 wks. wks |k-s. 5-6 mos. 8 mos.

Weanling or Mothers of mice inoculated when <12 21/21
adult hrs. old

Males mated with females inoculated 4/10
with virus as weanlings 53 days pre-
viously

In cage with weanlings inoculated 1/276 0/29 1/35 0/1
with virus

Room 0/284 0/30 0/205 0/42 5/80
Newborn Room 0/6 21/66 3/3

* Reprinted with permission from the Journal of Experimental Medicine (31).

frequency with which mice from a negative
colony developed antibody after being held in
our experimental animal rooms (31). Mother
mice which nursed newborns that had been inocu-
lated with virus rapidly acquired the infection.
However, infection did not spread readily
among weanling mice; a prolonged period of
contact was necessary before a significant number
of serologic conversions occurred. Comparisons
of the ability of weanling mice of different genetic
strains to infect cage mates indicated that there
was no significant difference between the genetic
lines (30).
To determine whether polyoma infection also

occurred in wild mice, trapping studies were per-
formed in several areas. Infection of wild Mus
musculus has been detected in both New York
City and in rural areas of Maryland (R. J. Hueb-
ner et al., unpublished data; 30). Table 4 shows
the distribution of infection in New York by
city block. Antibody was not found in the mice
trapped in Queens, the Bronx, or lower Manhat-
tan, but several areas in Harlem had high levels
of infection. The contrast between the different
blocks is very striking and indicates that the
infection is focal in distribution. These focal
infections are apparently stable patterns, as

shown in table 5. When the same tenement apart-
ment areas were re-trapped 3 to 6 months after
the initial survey, the same frequency of infection
was found as previously. In the first trapping of
one block during June to September, 1959, there
was 28 per cent incidence of antibody, and in

TABLE 4
Distribution of HI antibody to polyoma virus in
wild house mice in New York City, by block.*t

WEST SIDE EAST SIDE
BLOCKS BLOCKS

AREA STREET 200-500 1-100 1-100 200-400
HARLEM I 146

2 0/16
3 6/423 l
5 0/2 10/26
5 0/4 0/3
6 0/13
7 0/4 0/17
9 0/6

28 , 0/12 0/10
30 0/16 0/l
33 0/25 0/10
38 0/27 0/I
40 0/8
41 0/20
42 0/lI
43

QUEENS 0/109
BRONX 0/65
LOWER MANHATTAN 0/37

TOTAL 148/998

* Initial survey, June to September, 1959.
t Reprinted with permission from Perspectives

in Virology. II (30).

January of 1960 there was 25 per cent frequency.
In the other focus, many blocks away, infected
mice were also found during the later trapping.
As in the infected laboratory colonies, it was

possible to isolate virus from the tissues of mice
with antibody; 25 per cent of such mice were
positive for virus, again in low titer.

It was possible to recover virus not only from
the organs of the wild mice, but also from excreta
and environment, as shown in table 6.
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TABLE 5
Persistence of polyoma infection in positive foci in

New York City

Date of Trapping W. St. 3 300 Block

June-Sept. 1959 115/418 (28%) 15/62 (24%)
Jan. 1960 32/126 (25%7) 4/8

TABLE 6
Recovery of polyoma virus from excreta and
environment of infected mice in New York

City*
MATERIAL TESTED VIRUS RECOVERY

URINE ,

HI POS. MICE 1/23
Hi NEG. MICE 0/9

MOUTH SWAB

Hi POS. MICE 0/3
Hi NEG. MICE 0/3

BEDDING OF CAPTURED MICE 6/21
(ALL HI POS.)

MITES (A. SANGUINEUS) 0/5

COCKROACHES - 0/5

FLOOR SWEEPINGS 4/11

* Reprinted with permission from Perspectives
in Virology. II (30).

Virus was recovered once from urine of an
antibody-positive mouse and six times from the
sawdust bedding of captive mice which had been
held for 1 or 2 weeks in Mason jars. Also, virus
was recovered four times from eleven samples
of floor sweepings of closets and corners of apart-
ments harboring infected mice.

Focal distribution of infection was also seen in
rural mice, as shown in table 7. Seven barns in
Maryland were sampled, each of which was at
least 2 miles distant from the others. No antibody
was found in a total of 99 mice from six barns,
but in the seventh barn, 21 per cent of the mice
had antibody.

It is interesting to contrast the focal distribu-
tion of polyoma virus infection with that of
another virus which has a high tropism for the
salivary glands, the mouse salivary gland virus,
which was encountered incidentally during the
polyoma studies. As shown in table 8, this
virus was extremely widely disseminated among
the wild mice, being found in every area that
was adequately tested, as well as in many that
were not.

TABLE 7
Occurrence of HI antibody to polyoma virus in

farm mice in Maryland

Location Number

Barn H........ 14/67 (21%/c)
6 other barns........ 0/99

TABLE 8
Recovery of mouse salivary gland virus from wild

mice

NEWL (TISSUE SUSPENSIONS) RYLAND (MOUTH SWABS)

BRONX 1/1 BARN S 4/7
QUEENS 1/1 BARN H 18/22
MANHATTAN BARN C 5/8
300 BLOCK E. ST. 43 11/22 BARN K 2/2
300 BLOCK E. ST. 42 0/1 BARN B 15/31
300 BLOCK E. ST. 41 0/I
20O BLOCK W. ST. )D 1/1
500 BLOCK W. ST. 14 1/I

0 BLOCK W. ST. 9 0/f
0 BLOCK W. ST. 4 1/1

100 BLOCK W. ST. 3 30/57

As yet, antibody to polyoma virus has not
been encountered in any nonlaboratory animal
other than Mus musculus. No antibody was found
in 444 sera from fourteen genera of American
wild rodents, nor in 61 sera from eight genera of
wild and domestic American higher mammals
(30). Opossum sera have uniformly given inhibi-
tion of hemagglutination, but there is no corrobo-
rative evidence from the other serologic tests to
indicate that this represents antibody (30). It
should be pointed out that the majority of the
animals tested were from areas in which it is not
known whether polyoma virus is present in the
wild mouse population. Consequently, whether
the tested animals were really at risk of the
infection is not known. However, we have tested
sera of rats, cats, and humans in the infected
areas of New York City, and found no antibody
to polyoma virus. Many human sera from other
areas have been tested as well, and no significant
evidence of antibody has been obtained, although
many humans have RDE-resistant hemaggluti-
nation inhibitors in low level (unpublished data).

Studies of the pathogenesis of infection in
laboratory mice have contributed much to
clarification of the epidemiology of polyoma virus
(29, 30). It was found that mice are readily
infected by intranasal instillation of virus, either
as weanlings or newborns; approximately 1000
infectious doses, as measured by tissue culture or
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Figure 2. Growth curve of polyoma virus after inoculation into newborn Swiss mice

antibody production following parenteral inocu-
lation, sufficed to stimulate antibody formation
when given intranasally. In contrast, about
1,000,000 infectious doses were needed to pro-
duce infection by feeding or drinking (30).

Figure 2 shows the course of virus growth after
inoculation of newborn mice. The points represent
the median infectivity titers, expressed per gram
of tissue, of the pooled viscera determined at
various days after inoculation. The course of
virus multiplication was quite rapid, with the
tissues attaining maximal infectivity titers within
7 to 10 days. During this stage, highest titers
were attained in the kidneys and salivary glands,
but high titers were found in almost all organs.
After the initial peak, the virus titer declined
slightly and after the 30th day underwent a
marked decline. Antibodies appeared at 10 days,
and reached maximal levels at 20 to 30 days. The
lower curve shows the amount of virus in the
urine of the same mice. Again, this is the median
titer. The virus was found in urine in large
quantity during the 1st month of infection. It is
quite significant that grossly visible tumor did
not appear until long after the peak of virus
titer.

Virus is uniformly recoverable from the parotid
tumors, but its detection may be hampered by
the high levels of antibody. Cultivation of the
tumor in tissue culture appears to be the most
sensitive method for detection of virus (29, 33)
as was observed previously with adenoviruses
(32).

Figure 3 shows in greater detail the degree of
viral excretion by mice which were artificially
infected as newborns; this is a composite of many

different animals in different experiments. The
total height of the bar represents the number of
tests, the doubly hatched portion is the number
in which virus was definitely isolated, and the
singly hatched portion represents recovery of
only a trace amount of virus. Superimposed on
the bar graph are individual points showing the
titers found in certain selected specimens on
which end points were determined. It is seen
that urine was infectious in the majority of-
animals for periods of at least 120 days, and that
titers in individual mice ranged as high as 106
ID50 per 0.2 ml of urine. Virus was isolated fre-
quently from saliva as well, and again in high
titers.
The epidemiologic studies of antibody preva-

lence presented earlier indicated that the
weanling mice are not as effective in infecting
environmental contacts as are the newborn mice,
although they are highly susceptible to infection.
Figure 4 shows some of the reasons for this. This
chart shows results of an experiment comparable
to those just described, in which the course of
virus growth was followed at intervals after-
inoculation of weanling mice (29). For compari-
son, the curve obtained with the newborn mice
is shown by the dotted line. The maximal infec-
tivity titers in the tissues of the weanling mice
were 104 X those in the newborns. However,
despite the lower virus growth, the virus per-
sisted for very long periods; small amounts were
recovered from salivary glands as long as 210
days after inoculation. The excretion of virus by
weanling mice is shown in figure 5, in which the
results are plotted in the same way as previously
shown for the newborns. Virus excretion was

2319611
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Figure S. Frequency of polyoma virus excretion in mice inoculated as newborns. Reprinted with
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Figure 4. Growth curve of polyoma virus following inoculation into weanling Swiss mice, as compared
with the growth curve in newborns.

much less frequent, but it is probably significant
that the few mice which did excrete virus in
urine had relatively high titers, several animals
having 104 ID5o per 0.2 ml of urine. A similar
pattern was seen with the saliva, but the feces
were a rare source of virus.

The epidemiologic patterns in mice can be
summarized as shown in figure 6. Mice which
become infected as newborns or young sucklings
constitute the major source of spread through a

colony. They readily infect their mothers and

cage mates, and the cage mates in turn may serve

to infect other mice. However, the mice which
become infected as adults are much less fre-
quently sources of infection. The introduction of
experimental procedures in which potentially
virus-containing materials are inoculated into
young mice constitutes a very efficient amplifica-
tion procedure to maintain and disseminate the
virus throughout the colony.
To explain the maintenance of infection in

colonies such as the commercial mouse colonies
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Figure 6. Spread and maintenance of polyoma virus in mouse populations. Reprinted with permission
from Perspectives in Virology. II (30).

and the wild mouse populations in which there is
no exposure to experimental procedures, it
appears probable that two mechanisms are active.
In the commercial colonies, such large numbers
of mice are housed in close contact that the ineffi-
cient excretion by the weanling mice may be
sufficient to maintain the infection. However,
in the smaller laboratory colonies, insufficient
high titer excreters are available to maintain the
infection. Newborn mice will not often be infected
because the statistical chance of acquiring infec-

tion during the first few days of life is, of course,
quite small, and in a colony with a high level of
infection many newborns would be protected
for a period of time by the maternally transmitted
antibodies (22).

In the wild mouse populations, a tempting
hypothesis is that the nesting areas become
contaminated with urine of infected babies, and
because of its high stability, the virus could
remain in the nests and repeatedly infect subse-
quent litters, which in turn re-seed the nests with
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TABLE 9
Epidemiology of polyoma virus in life-long
observation mice at R.B. Jackson Laboratory;
occurrence of antibody in mice with various
tumors, as compared with nontumorous mice*

NO. ANTIBODY IN MICE WITH
POPULATION TUMOR WITHP

TUMOR OBSERVED EXPECTED

ANY TUMOR 190 56 61.7 30.42
INEIRED

(ADJUSTED FOR MAT4HARY 66 I5 15.7 >O.5
RIT1RTHATE) MAAKARY-BRED ° 61 15 13.2 0.5

LUNG 39 13 15.9 0.3

LYMP(6ATIC LEUKEMIA 17 2 4.8
RETIC. CELL SARCOMA 54 21 23.2 0.5

SARCOMA 9 2 3.6

OTHER 16 8 7 .4l

HYBRID ANY TUMOR 52 AU 76.9 0.18
(ADJUSTED FOR
STRAIN 1 SEX) LUNG 53 32 27.9 0.09

LSWHATIC LEUKEMIA 19 11 10.8 >0.5

RETIC. CELL SARCOMA 73 35 31.6 0.26

HEPATOMA A8 9 10.8 0.3

SARCOMA e 5.8 0.23

OTHER 7 10 8.4 >0.3

MULTIPLE TUMORS 37 23 19.5 0.15

* Reprinted with permission from Perspectives
in Virology. II (30).

infected urine. This mechanism, of course, would
not be highly effective in the laboratory and
commercial colonies, in which the bedding and
containers are frequently changed and sterilized.
Another aspect of the epidemiology of this

virus is most important, i.e., the relationship of
these spontaneous polyoma infections to the
occurrence of mouse neoplasms. Table 9 shows
results of a study performed in collaboration with
the Roscoe B. Jackson Laboratories in Bar
Harbor, Maine (Rowe, W. P., and Murphy, E.,
unpublished data). -Mice which were under ob-
servation for tumor development were bled when
moribund from any cause, and comparisons were
made of the incidence of antibody in mice with
particular tumors as compared with mice without
tumors. The data were examined separately for
the inbred and the hybrid strain mice because of
certain population attributes which required
adjustment. The over-all incidence of antibody in
the colony was 38 per cent. When the incidence
of antibody in the tumorous mice of the cate-
gories shown here was compared with that of the
mice dying without tumor, no significant excess
was observed in any category. Also, in none of
these mice nor in any of the wild mice was a
salivary gland tumor ever observed of the histo-
logic type which is characteristic of polyoma
virus infection in experimentally inoculated mice.
Thus, these data suggest that even in a highly
infected colony, spontaneous polyoma virus
infection neither induced the characteristic poly-

oma tumors, nor contributed to the occurrence
of other well recognized mouse tumors. The lack
of association of infection with spontaneous
leukemia is important to note, since it is increas-
ingly clear from many types of evidence that the
early association of polyoma virus isolation with
AKR leukemia was entirely fortuitous (23).
The finding that polyoma infection in a large

laboratory colony did not contribute to the occur-
rence of spontaneous tumors can be explained
by several of the known features of the infection.
First, the rapid development, with age, of re-
sistance to the oncogenic effects of infection (37)
means that the statistical probability of a mouse
acquiring infection during the critical age period
is quite low. Second, the transfer of maternal
antibody is extremely effective. Antibody is
transferred at high level both to the unborn
fetus and to the nursing young (22). Thus, in a
heavily infected population, maternal protection
will be a major factor in preventing infection
during the critical first days of life. Third, the
dose acquired spontaneously is probably much
smaller than that usually employed in tumoro-
genie experiments; and fourth, the intranasal
route of inoculation is very ineffective for induc-
tion of tumors (Law, L. WV., and Rowe, W. P.,
unpublished data).
However, this is not to say that the virus can-

not induce tumors under spontaneous conditions.
The characteristic parotid tumors have been
observed in uninoculated animals in several
laboratories (4, 14, 21; WVard, T. G., personal
communication; Rowe, W. P., unpublished data).
It is interesting to consider the conditions under
which these tumors arose. Considering the effi-
cacy of maternal antibody transmission to the
young, and the effects that a high prevalence of
antibody would have on the number of suscepti-
ble young, one can anticipate that the maximal
opportunity for infection of infant mice would be
a colony in which the incidence of infection is
sharply rising; that is, shortly after the virus is
introduced and is becoming well disseminated. At
this time there would be maximal environmental
contamination and minimal frequency of immune
mothers. Apparently it is exactly under these
conditions that the spontaneous parotid tumors
have been observed. In each of the laboratories
in which these tumors have been described, they
occurred shortly after the laboratory began
working with the virus. After work for more than
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a year with the virus, the spontaneous tumors
were no longer encountered.
Thus we have the picture of polyoma virus as

an agent which is highly prevalent in certain
focal areas, but with an ecologic pattern that
strongly works against expression of the infec-
tion as overt disease. Actually, the focal infec-
tions of polyoma virus in mouse colonies may be
more of a danger to other rodent species in
contact with these animals than to the mice
themselves. For example, hamsters readily
develop tumor after intranasal instillation of
virus (27), and there is no sharp development
of resistance with age (37). Spontaneous polyoma-
induced tumors have been observed several
times in hamsters housed in our experimental
mouse rooms.

The pattern of infection in the hamster demon-
strates a very interesting comparison with that
in the homologous species, as shown in figure 7.
Again the curve of virus growth in newborn mice
is shown for comparison. This chart is a composite
of several experiments (29), all of which were

done with very large inocula of virus, which
resulted in rapid tumor response. In contrast to
the mouse pattern, the virus titer declined
sharply after the 4th or 6th day of infection, and
by the 20th day the tissues had lost their infec-
tivity. Also, the peak titers obtained were

several powers of 10 lower than that in the mouse,

even though the tumor response was much
quicker and more uniform.

Table 10 shows the results of testing tumors
from individual hamsters. These tumors were

I
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tested by the mouse antibody production test,
mouse embryo tissue culture, and some by
inoculation into suckling hamsters with observa-
tion for tumors and development of antibody.
In agreement with the growth curve just shown,
the tumors removed 16 and 17 days after infec-
tion were generally infectious, whereas those
removed at 6 or 11 weeks were rarely positive.
Only one of the 10 late tumors was positive in
any test. Thus, both in newborn mice and the
suckling hamster an unusual pattern of relation
of virus growth to appearance of tumor is ob-
served, i.e., a peak of virus titer preceding ap-

pearance of tumor. To my knowledge this pat-
tern has not been described for other tumor
viruses. To compare this pattern with that of
some other tumor viruses, similar experiments
were carried out with the Friend mouse leukemia
virus and with the Shope rabbit papilloma virus.

Figure 8 shows results of two experiments with
the Friend mouse leukemia virus. The develop-
ment of disease, as indicated by weight of the
spleen, is shown in relation to the concentration
of virus in the spleen (26). There is a rather
remarkable parallel of increase in log spleen
weight and increase in virus titer during the first
10 to 14 days after inoculation. After this time
the virus titer declines and is maintained at a

plateau. This then is in marked contrast to the
polyoma pattern, as is the pattern of the Shope
papilloma virus as shown in figure 9. In this
experiment, which was done by Dr. David White
in our laboratory, a cottontail rabbit was mas-

sively sacrificed and infected. At intervals, skin
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Figure 7. Growth curve of polyoma virus following inoculation into suckling hamsters, as compared
with the growth curve in newborn mice.
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TABLE 10
Attempts to recover polyoma virus from tumors of inoculated hamsters*

Day after Results of Virus Assays on Tom Ex t
Inoculatlon ° Tast Mbuse Eabryo Suckling IWmters

WFen Rmved Tissue Culture (*0DW Teat)
.--iooGO I LO110o 10 0° TUNors Hi AntIbody

16 2/2 + (17-24 Days)
16 1/2 + (17-21 Days)
16 0/2 - (Blind Passae,
17 + (Blind Passage)
43 0/3 0/3 0/3 0/3 0/3
43 2/3 0/3 0/3 0/3 0/3
43 0/3 0/3 0/3 0/3 0/3 - (SI Ind Pasage)

43 0/5 0/3 0/3 0/3 0/3 - (Blind Passg)
43 0/6 0/3 0/3 0/3 0/3 - (BlI nd Passgel)
82 0/3 - (Blind Passpae) 0/13 0/13
82 0/3 - (Blind Pasage) 0/16 0/16
82 0/3 - (Blind Passg) 0/14 0/14
82 0/3 - (Blind Passage) 0/7 0/7
82 0/3 - IBind Pashsa) 0/6 0/6

Reprinted, with permission from the National Cancer Institute Monograph No. 4. Symposium on
Phenomena of the Tumor Viruses (29).
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Figure 8. Growth curve of Friend leukemia virus in mouse spleen

biopsies were taken and tested for content of
virus. This figure represents only the result of
the preliminary test of the samples, showing the
number of tumors developing per site inoculated
with the undiluted suspension of biopsy tissue.
Again the appearance of tumor and increase of
virus coincided very closely, with no significant
evidence of a preliminary peak before the ap-

pearance of disease. The small amount of virus
recovered on the 2nd day after inoculation prob-
ably represents residual virus from the inoculum.

I would like now to turn to the question of
what significance these studies may have for the
over-all problem of tumor viruses. First, I should
point out that the results with polyoma virus,
taken by themselves, have little "importance"
except in a negative sense of dispelling over-

optimistic hypotheses. Polyoma virus is not the

answer to the problem of spontaneous tumors in
mice, and so far as known, in any other species.
The greatest importance appears to lie in the
influence that these findings may have on our
thinking about studying the relation of viruses to
neoplasms.

It seems fair to say that most searches for
tumor-inducing viruses have been based on the
tacit assumption that the place to look for tumor
viruses is in the tumor. This, of course, is merely
a corollary of the theories that in virus-induced
tumors, neoplastic growth is dependent on
persistence of virus, and that neoplastic trans-
formation is a necessary accompaniment of
tumor virus growth. Although this pathogenetic
mechanism is perhaps operative in most of the
known tumor virus systems, we must remember
that these "known tumor virus systems" are
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Figure 9. Growth curve of Shope papilloma virus in skin of a single cottontail rabbit

known precisely because they have this pattern.
Thus, we are viewing a highly selected group of
models, and it does not follow that the pattern
most frequently seen in our models is necessarily
the most frequent pattern occurring in nature.
At this point it is worth injecting another

caution against the injudicious extrapolation of
our model systems. From experience with mouse
tumor virus systems, we come to think of tumor
virus infections as latent or chronic infections,
and conversely, to exclude acute infectious
processes from consideration as possible tumori-
genic systems. But again, there is a strong selec-
tive force in the availability of our experimental
models. For why should not the mouse tumor
viruses be producers of latent infections, when
the great majority of "nontumorigenic" viruses
of the mouse also produce latent or chronic
infection? Thus, of the 10 or so "nontumorigenic"
viruses indigenous to mice, six are well estab-
lished as producing chronic infections: lympho-
cytic choriomeningitis (25, 39), mouse salivary
gland virus (1), Theiler's viruses (38, 40), K
virus (20; L. Kilham, personal communication),
the mouse adenovirus (16; J. W. Hartley and
W. P. Rowe, unpublished data), and the recently
isolated mouse thymic agent (W. P. Rowe,
unpublished data). For three others there is
epidemiologic or other evidence of persistent
infection: ectromelia (11), mouse hepatitis (12),
and the pneumonia virus of mice (18).

This relative rarity of mouse viruses which
produce infections of short duration is to be
expected from the ecology of wild mice, which
have relatively restricted movement and gene-
rally form new colonies from a small nucleus of
immigrants; under these conditions acute viruses
could not be maintained. The ecologic conditions

of laboratory mice impose yet greater restrictions
on maintenance of "acute viruses," with isolation
and quarantine practices in frequent use, sterili-
zation of containers, maintenance of colonies
in semi-isolated groups of relatively small
number, origination of colonies from a small
nucleus of breeding pairs, and relative freedom
from certain arthropods which may be potential
reservoirs. Thus there is strong selection against
mouse viruses producing infection of short dura-
tion, and as a consequence, the over-all virus
experience of mice is of a very different nature
from that of man. Another factor which is highly
special about the viral experiences of laboratory
mice is their relative lack of exposure to viruses
of other species, because of their sheltered en-
vironments. One wonders whether we might not
obtain a quite different picture of spontaneous
tumor occurrence if we raised our mice in a
veterinarian's office or in the middle of the
Chicago stock yards! Thus because of the rarity
of "acute viruses" indigenous to mice and their
lack of exposure to viruses of other species, there
is essentially no opportunity for the problem of
spontaneous tumors in laboratory mice to include
a pathogenesis pattern such as that seen in the
hamster infected with polyoma virus.
The main point of the foregoing discussion has

been to emphasize that the apparent pattern of
polyoma virus in hamster tumors, although
rarely found in tumor virus systems, has good
reason for being rare in our model systems, but
not necessarily in nature. The concept suggested
by the hamster polyoma pattern, i.e., that an
acute virus infection may trigger a cellular
alteration which is later expressed as neoplasia,
without necessity for continued presence of virus,
is to me one of the most important outgrowths of
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the polyoma studies. Although this concept is in
no way new, is commonly observed with chemical
and physical carcinogens, and has some experi-
mental support from the VX2 carcinoma (24) and
noninfectious tumors induced with low doses of
the Rous virus (3), it has had very little influence
on searches for tumor viruses. Probably this is so
because this hypothesis demands searches for the
tumor virus before, and possibly long before,
the appearance of tumor. How then can this
somewhat paradoxical problem be approached,
particularly in man? I think that the answer to
this application of the approach used in the Bar
Harbor study mentioned above-to compare
the previous viral experience of tumorous and
nontumorous cohorts, either by retrospective
serologic surveys or, less feasibly, by long term
observation. The disarmingly normal behavior of
polyoma virus in systems in vitro indicates that
we cannot, a priori, exclude the well known,
easily studied prevalent viruses of man or his
associated domestic animals as potential candi-
dates for such studies.

In conclusion, I should like to emphasize that
these studies represent a team and collaborative
effort; in particular, Drs. Huebner, Hartley,
Brodsky, Law, White, and Murphy have con-
tributed greatly to this work.

REFERENCES
1. BRODSKY, I. AND ROWE, W. P. 1958 Chronic

subclinical infection with the mouse salivary
gland virus. Proc. Soc. Exptl. Biol. Med.,
99, 654-655.

2. BRODSKY, I., ROWE, W. P., HARTLEY, J. W.,
AND LANE, W. T. 1959 Studies of mouse
polyoma virus infection. II. Virus stability.
J. Exptl. Med., 109, 439-447.

3. BRYAN, W. R., CALVAN, D., AND MOLONEY,
J. B. 1955 Biological studies on the Rous
sarcoma virus. III. The recovery of virus
from experimental tumors in relation to
initiating dose. J. Natl. Cancer Inst., 16,
317-335.

4. BUFFETT, R. F., COMMERFORD, S. L., FURTH,
J., AND HUNTER, M. J. 1958 Agent in AK
leukemic tissues, not sedimented at 105,000
g, causing neoplastic and non-neoplastic
lesions. Proc. Soc. Exptl. Biol. Med., 99,
401-407.

5. EDDY, B. E., ROWE, W. P., HARTLEY, J. W.,
STEWARD. S. E., AND HUEBNER, R. J. 1958
Hemagglutination with the S. E. polyoma
virus. Virology, 6, 290-291.

6. EDDY, B. E., STEWART, S. E., AND BERKELEY,
W. 1958 Cytopathogenicity in tissue cul-
tures by a tumor virus from mice. Proc.
Soc. Exptl. Biol. Med., 98, 848-851.

7. EDDY, B. E., STEWART, S. E., AND GRUBBS,
G. E. 1958 Influence of tissue culture
passage, storage, temperature and drying
on viability of SE polyoma virus. Proc.
Soc. Exptl. Biol. Med., 99, 289-292.

8. EDDY, B. E., STEWART, S. E., KIRSCHSTEIN,
R. L., AND YOUNG, R. D. 1959 Induction
of subcutaneous nodules in rabbits with the
SE polyoma virus. Nature, 183, 766-767.

9. EDDY, B. E., STEWART, S. E., STANTON, M. F.,
AND MARCOTTE, J. M. 1959 Induction
of tumors in rats by tissue culture prepara-
tions of SE polyoma virus. J. Natl. Cancer
Inst., 22, 161-171.

10. EDDY, B. E., STEWART, S. E., YOUNG, R. D.,
AND MIDER, G. B. 1958 Neoplasms in
hamsters induced by mouse tumor agent
passed in tissue culture. J. Natl. Cancer
Inst., 20, 747-760.

11. FENNER, F. 1949 Mouse-pox (infectious
ectromelia of mice): a review. J. Immunol.,
63, 341-373.

12. GLEDHILL, A. W. AND DICK, G. W. A. 1955
The nature of mouse hepatitis virus infec-
tion in weanling mice. J. Pathol. Bac-
teriol., 69, 311-320.

13. GROSS, L. 1953 A filterable agent recovered
from AK leukemic extracts, causing salivary
gland carcinomas in C3H mice. Proc. Soc.
Exptl. Biol. Med., 83, 414-431.

14. GROSS, L. 1958 Viral etiology of spon-
taneous mouse leukemia: a review. Cancer
Research, 18, 371-381.

15. HARTLEY, J. W. AND ROWE, W. P. 1959
"Unmasking" of mouse polyoma virus
hemagglutinin by heat and RDE. Virology,
8, 249-250.

16. HARTLEY, J. W. AND ROWE, W. P. 1960
Isolation of a new mouse virus apparently
related to the adenovirus group. Virology,
11, 645-647.

17. HARTLEY, J. W., ROWE, W. P., CHANOCK,
R. M., AND ANDREWS, B. E. 1959 Studies
of mouse polyoma virus infection. IV.
Evidence for mucoprotein erythrocyte re-
ceptors in polyoma virus hemagglutination.
J. Exptl. Med., 110, 81-91.

18. HORSFALL, F. L. AND CURNEN, E. C. 1946
Studies on pneumonia virus of mice (PVM).
II. Immunological evidence of latent in-
fection with the virus in numerous mam-
malian species. J. Exptl. Med., 83, 43-64.

19. KAHLER, H., ROWE, W. P., LLOYD, B. J.,

30 [VOL. 25



MOUSE POLYOMA VIRUS INFECTION

AND HARTLEY, J. W. 1959 Electron mi-
croscopy of mouse parotid tumor (polyoma)
virus. J. NatI. Cancer Inst., 22, 647-657.

20. KILHAM, L. AND MURPHY, H. W. 1953 A
pneumotropic virus isolated from C3H
mice carrying the Bittner milk agent. Proc.
Soc. Exptl. Biol. Med., 82, 133-137.

21. LAW, L. W. 1957 Present status of nonviral
factors in the etiology of reticular neo-

plasms in the mouse. Ann. N. Y. Acad.
Sci., 68, 616-635.

22. LAW, L. W., DAWE, C. J., ROWE, W. P., AND

HARTLEY, J. W. 1959 Antibody status
of mice and response of their litters to
parotid tumor agent (polyoma virus).
Nature, 184, 1420.

23. LAW, L. W., ROWE, W. P., AND HARTLEY, J.
W. 1960 Studies of mouse polyoma virus
infection. V. Relation of infection to lympho-
cytic neoplasms of the mouse. J. Exptl.
Med., 111, 517-523.

24. Rous, P., KIDD, J. G., AND SMITH, W. E. 1952
Experiments on the cause of the rabbit
carcinomas derived from virus-induced
papillomas. II. Loss by the VX2 carcinoma
of the power to immunize hosts against the
papilloma virus. J. Exptl. Med., 96, 159-
174.

25. ROWE, W. P. 1954 Studies on pathogenesis
and immunity in lymphocytic chorio-
meningitis infection in the mouse. Naval
Med. Research Inst. Report NM005 048,
14.01, 12, 167-220.

26. ROWE, W. P. AND BRODSKY, I. 1959 A
graded response assay for the Friend mouse

leukemia virus. J. Natl. Cancer Inst., 23,
1239-1248.

27. ROWE, W. P., HARTLEY, J. W., BRODSKY, I.,
AND HUEBNER, R. J. 1958 Complement
fixation with a mouse tumor virus (SE
polyoma). Science, 128, 1339-1340.

28. ROWE, W. P., HARTLEY, J. W., ESTES, J. D.,
AND HUEBNER, R. J. 1959 Studies of
mouse polyoma virus infection. I. Pro-
cedures for quantitation and detection of
virus. J. Exptl. Med., 109, 379-391.

29. ROWE, W. P., HARTLEY, J. W., ESTES, J. D.,
AND HUEBNER, R. J. 1960 Growth curves

of polyoma virus in mice and hamsters.
J. National Cancer Inst. Monograph No. 4.
Symposium on Phenomena of the Tumor
Viruses, 189-206.

30. ROWE, W. P., HARTLEY, J. W., AND HUEBNER,
R. J. The ecology of a mouse tumor virus.
In Perspectives in Virology. II. Edited by
M. Pollard. Rutgers University Press, New
Brunswick, N. J., in press.

31. ROWE, W. P., HARTLEY, J. W., LAW, L. W.,
AND HUEBNER, R. J. 1959 Studies of
mouse polyoma virus infection. III. Dis-
tribution of antibody in laboratory mouse
colonies. J. Exptl. Med., 109, 449-462.

32. ROWE, W. P., HUEBNER, R. J., GILMORE,
L. K., PARROTT, R. H., AND WARD, T. G.
1953 Isolation of a cytopathogenic agent
from human adenoids undergoing spon-
taneous degeneration in tissue culture.
Proc. Soc. Exptl. Biol. Med., 84, 570-573.

33. SACHS, L., FOGEL, M., WINOCOUR, E., HELLER,
E., MEDINA, D., AND KRIM, M. 1959 The
in vitro and in vivo analysis of mammalian
tumor viruses. Brit. J. Cancer, 13, 251-265.

34. STEWART, S. E. 1953 Leukemia in mice
produced by a filterable agent present in
AKR leukemic tissues with notes on a sar-
coma produced by the same agent. Anat.
Record, 117, 532.

35. STEWART, S. E., EDDY, B. E., AND BORGESE,
N. 1958 Neoplasms in mice inoculated
with a tumor agent carried in tissue culture.
J. Natl. Cancer Inst., 20, 1223-1243.

36. STEWART, S. E., EDDY, B. E., GOCHENOUR,
A. M., BORGESE, N. G., AND GRUBBS,
G. E. 1957 The induction of neoplasms
with a substance released from mouse
tumors by tissue culture. Virology, 3,
380-4.

37. STEWART, S. E., EDDY, B. E., STANTON, M. F.,
AND BERKELEY, W. H. 1958 Influence of
age on tumor induction in mice and hamsters
injected with a tumor agent carried in tissue
culture. Proc. Am. Assoc. Cancer Research,
2, 348-349.

38. THEILER, M. AND GARD, S. 1940 Encephalo-
myelitis of mice. III. Epidemiology. J.
Exptl. Med., 72, 79-90.

39. TRAUB, E. 1936 Persistence of lymphocytic
choriomeningitis virus in immune animals
and its relation to immunity. J. Exptl.
Med., 63, 847-861.

40. VON MAGNUS, H. 1952 Studies on mouse
encephalitis virus (TO strain). VI. Ob-
servations on the oral route of infection and
on the epidemiology of the disease. Acta
Pathol. Microbiol. Scand., 30, 271-283.

3119611


